ABSTRACT An important hypothesis is that the degree of infilling of secondary osteons (Haversian systems) is controlled by the inhibitory effect of osteocytes on osteoblasts, which might be mediated by sclerostin (a glycoprotein produced by osteocytes). Consequently, this inhibition could be proportional to cell number: relatively greater repression is exerted by progressively greater osteocyte density (increased osteocytes correlate with thinner osteon walls). This hypothesis has been examined, but only weakly supported, in sheep ulnae. We looked for this inverse relationship between osteon wall thickness (On.W.Th) and osteocyte lacuna density (Ot.Lc.N/B.Ar) in small and large osteons in human ribs, calcanei of sheep, deer, elk, and horses, and radii and third metacarpals of horses. Analyses involved: (1) all osteons, (2) smaller osteons, either 150 lm diameter or less than or equal to the mean diameter, and (3) larger osteons (>mean diameter). Significant, but weak, correlations between Ot.Lc.N/ B.Ar and On.W.Th/On.Dm (On.Dm ¼ osteon diameter) were found when considering all osteons in limb bones (r values À0.16 to À0.40, P < 0.01; resembling previous results in sheep ulnae: r ¼ À0.39, P < 0.0001). In larger osteons, these relationships were either not significant (five/seven bone types) or very weak (two/seven bone types). In ribs, a negative relationship was only found in smaller osteons (r ¼ À0.228, P < 0.01); this inverse relationship in smaller osteons did not occur in elk calcanei. These results do not provide clear or consistent support for the hypothesized inverse relationship. However, correlation analyses may fail to detect osteocyte-based repression of infilling if the signal is spatially nonuniform (e.g., increased near the central canal). Anat Rec, 294:1472Rec, 294: -1485Rec, 294: , 2011. V V C 2011 Wiley-Liss, Inc.
The process of remodeling in cortical and cancellous bone is important for ensuring the maintenance of mechanical competence and calcium balance (Frost, 1990; Parfitt, 1994) . In this context, ''remodeling'' refers to the formation of complete secondary osteons (Haversian systems) in cortical bone and hemiosteons in cancellous bone (Parfitt, 1994) . The remodeling process is characterized by the coupled actions of osteoclasts (bone resorption) and osteoblasts (bone formation). These cells comprise the basic multicellular units that mediate the activation-resorption-formation (A-R-F) sequence that results in secondary osteons, or basic structural units (Frost, 2001; Cooper et al., 2006) . Osteocytes, the most prevalent cell type in bone, are thought to be important in mechano-sensation/mechano-transduction (Marotti et al., 1992; Burger and Klein-Nulend, 1999; Weinbaum et al., 2001; Riddle and Donahue, 2009; Herman et al., 2010) .
Although most osteoblasts involved in osteon formation are not accounted for at the termination of infilling (they presumably undergo apoptosis; Parfitt, 1994) , the remainder differentiate into osteocytes as they become embedded in the newly formed matrix; their cell bodies being contained within osteocytic lacunae (ellipsoid cavities). Marotti (1996) hypothesized that during the formation of secondary osteons, the newly formed osteocytes send inhibitory signals to surrounding osteoblasts. This signal causes the osteoblasts to cease bone formation. Recent studies of the mechanical stimulation of bone have suggested that this inhibitory effect is regulated by the expression of the SOST gene, which is responsible for the formation of sclerostin, an osteocytespecific glycoprotein involved in the inhibition of osteoblasts (Van Bezooijen et al., 2004; Robling et al., 2008; Turner et al., 2009) . Experimental evidence suggests that sclerostin is produced by osteocytes that are within well mineralized matrix (Irie et al., 2008) .
Before recognition of the importance of sclerostin in bone remodeling, Martin expanded on this osteocyte inhibitory concept with his ''unifying theory of bone remodeling,'' wherein osteoblast activity is controlled by osteocytes via signaling through their interconnected network. More specifically, osteoblasts remaining at the termination of osteon infilling (i.e., termination of osteon wall formation) differentiate into a distinct cell typebone lining cells (BLCs; Martin, 2000a,b) . In turn, the BLCs maintain communication with the embedded osteocytes via gap junctions ( Fig. 1) . At the termination of osteon infilling, instead of regulating osteocyte formation, the interconnected osteocytes, in theory, send inhibitory signals to the BLCs to suppress the activation of that would lead to a new remodeling cycle (Stages 8 and 1 in Table 1 ). Martin (2000b) further hypothesized that the strength of the inhibitory signal is proportional to the number of osteocytes in communication with the BLCs.
Experimental data reported by Metz et al. (2003) in ulnae of adult sheep provide indirect support for the idea that the osteocyte network regulates the rate and duration of osteon infilling (Fig. 2) . However, although their data revealed an inverse relationship between osteon wall thickness (On.W.Th) and osteocyte lacuna density (Ot.Lc.N/B.Ar; B.Ar ¼ bone area within a secondary osteon), it was weak (r ¼ À0.39, P < 0.0001). Nevertheless, these authors concluded that it was biologically important, supporting the hypothesis that osteocytes influence the degree of osteon infilling. Although Qiu et al. (2003) also argued in favor of this relationship in their analysis of osteons from ribs of young human males, they did not specifically consider On.W.Th, but only evaluated relationships of Ot.Lc.N/B.Ar with Haversian canal area (HC.Ar) and HC.Ar/On.Ar (On.Ar ¼ osteon area). Both of these comparisons in human rib osteons, however, showed no or little correlation (r ¼ 0.011 and 0.104, respectively), and only the latter is positive and statistically different from no correlation. Regardless of the specific mechanism(s) involved, Martin and coworkers' important hypothesis has not been examined in other bones and/or for potential influences of osteon size. The only studies that we could locate have examined osteons in cortices of elderly human proximal femora (no consideration for osteon size; Power et al., 2001 Power et al., , 2002 , which could be confounded by the effects of bone disease (e.g., osteoporosis) and/or aging (Britz et al., 2009) .
Influences of osteon size on the putative inverse relationship of Ot.Lc.N/B.Ar with On.W.Th could occur in proportion to the efficiency with which the proposed inhibitory signal can be transmitted from one osteocyte to another (e.g., through a neural-like network) or delivered (e.g., convective transport of sclerostin in lacunarcanalicular spaces) across the osteon wall. In a mathematical analysis dealing with the duration and extent of osteon infilling, Martin (2000a) argued that if the osteocyte-network signal decayed slowly as the osteon progressively infilled, then the strength of the inhibitory signal at the canal surface would depend on osteon size. But if the signal decayed relatively rapidly, then the signal would not increase very much once an osteon's wall exceeds $100-120 lm (Fig. 3) , constraining potential Fig. 1 . Schematic diagram of the proposed mechanism for the control of activation of bone remodeling. Within the bone tissue at ''top,'' the elliptical objects represent osteocytes. The heavy line at ''bottom'' indicates a quiescent (not remodeling) bone surface; five BLCs are shown on this surface. The multiple thin lines connecting the osteocytes to one another and to the BLCs schematically represent cell processes within canaliculi. The jagged horizontal line indicates microdamage (microcrack) to the calcified matrix, which interferes with the generation or transmission of the osteocytic signal. Reduced signal generation/transmission is indicated as dotted lines for the canaliculi physically disrupted by the microcrack. In theory, when these inhibitory signals fall below a threshold value, the BLCs initiate activation of remodeling. (From Martin, Bone, 2000b, 26, 1-6, Fig. 2 , V C Elsevier, reproduced by permission.) increases in osteon size. Similar arguments could be made on the basis of the ''transport'' of sclerostin via convective fluid flow through the interstitial microporosities of the osteon wall.
Regardless of the nature of the putative inhibitory ''signal'' and how it is ''transmitted'' or ''delivered,'' we hypothesize that if it is produced by osteocytes and is negatively correlated with the degree of osteon infilling, then in fully formed osteons: (1) it should be detected as an inverse relationship between On.W.Th and Ot.Lc.N/ B.Ar and (2) this inverse relationship should be influenced by osteon size.
MATERIALS AND METHODS
As detailed below, microscopic images were obtained from the ribs of young adult modern human males (20-25 years old) and various nonhuman limb bones from adult animals: (1) radii and third metacarpals (MC3s) from horses and (2) calcanei from horses, sheep, deer, and elk. These nonhuman bones had been used in our previous studies (Skedros et al., 1994a (Skedros et al., ,b, 1996 (Skedros et al., , 1997 (Skedros et al., , 2007b Mason et al., 1995; Skedros, 2005) . The human ribs had also been used in a previous study (Qiu et al., 2003) . The rationale for selecting the various nonhuman bone types is that they reflect three different loading regimens that correlate with the magnitude of neutral axis rotation during typical functional loading (Fig. 4) . In turn, these regimens represent differences in load complexity from the simple cantilevered bending of the calcanei to the increased bending/torsion of the equine MC3s. The rationale for examining the ribs is based on the fact that a great deal of what is known about basic osteon dynamics has been determined in the studies of ribs (Pirok et al., 1966; Parfitt, 1983; Qiu et al., 2003) . Finally, the osteons in these bones also span a broad size range, which, as argued in our previous studies and those of others (Pfeiffer et al., 2006) , reflects adaptations aimed at enhancing tissue mechanical properties for regional differences in mechanical requirements (limb bones) and/or metabolic demands (ribs).
The regions examined in the nonhuman bones are shown in Figs. 5 and 6. It must be noted that below we primarily use ''anterior'' and ''posterior,'' respectively, as surrogates for the actual, but various, terms used for the opposing sagittal-plane cortices in the calcanei (dorsal and plantar), radii (cranial and caudal), and equine MC3 (dorsal and palmar).
Equine Radii and MC3s
Ten radii and nine third metacarpals (MC3s) were obtained from skeletally mature standard-bred and quarter horses with no history of racing or race training and no evidence of skeletal pathology at the time of death (Figs. 4 and 6 ). Only one bone was obtained from each animal. The bones had been used in previous studies reporting correlations of various material characteristics with habitual strain environments from the midthird of the bone (radius) or at mid-diaphysis (MC3; Blcs cover the the bone surface of the central canal.
Osteocytes, via control of BLC, repress activation of a new remodeling cycle (Fig. 1) .
Stages 4-6 (the formation stage) are the focus of this study because they deal with the hypothesis that osteocytes density is inversely related to the degree of osteon infilling. Another hypothesis is that osteocytes send a repressive signal to the BLCs that inhibits bone resorption (Stages 8 and 1; Fig. 1 ). This hypothesis was not evaluated in this study. The delineation of eight stages, as done here, serves to clarify the focus of the data analysis in this study. Mason et al., 1995; Skedros et al., 1996 Skedros et al., , 2005a . Each bone had been manually cleaned of soft tissue and sectioned transversely at 50% of its length (MC3), or at 50% and 65% of its length (radius), where 100% is the proximal end of the bone. One 5-mm-thick segment was cut immediately distal to these transection levels. The undecalcified, unstained segments were embedded in polymethyl methacrylate using conventional techniques (Emmanual et al., 1987) , and they were subsequently ground, polished, and prepared for backscattered electron (BSE) imaging (Skedros et al., 1993) . In the MC3s, two-to-three 50Â high-resolution BSE micrographs (2.3 Â 1.6 mm 2 ) were taken within each of the three trans-cortical locations [i.e., periosteal (''outer''), middle cortical, endosteal cortex (''inner'')] in quadrant locations: anterior, posterior, medial, and lateral. In the radii, two 50Â (2.71 Â 2.71 mm 2 ) BSE micrographs were taken within each of the three transcortical locations of the anterior ''tension'' and posterior ''compression'' cortices, and one image in each trans-cortical location of the medial and lateral (''neutral axis'') cortices. The images excluded circumferential lamellar bone.
Calcanei of Horses, Elk, Sheep, and Deer
One calcaneus was obtained from each of the seven standard-bred horses with no history of racing or race training, seven wild-shot North American elk (Cervus elaphus), and seven domesticated sheep (Ovis aries, breed is crossed Suffolk/Hampshire and Rambouillet; Fig. 5 ). All of these bones were from adult animals that had been used in previous studies (Skedros et al., 1997 (Skedros et al., , 2007b . All elk were larger males, had shed the periosteal cover of their antlers, and were obtained from their natural habitat in a fall hunting season. The horse calcanei were from mixed sexes and were not from the same animals from which the radii and MC3s were obtained. All horses were between 2 and 9 years old.
The sheep were females and $2 years old. The sheep and horses had been kept in large pastures. Calcanei were also obtained from 10 wild-shot skeletally mature male deer used in the previous studies (Skedros et al., 1994a (Skedros et al., ,b, 2007b Skedros, 2005) .
Transverse segments, 4-5-mm thick, were cut from the sheep, elk, and horse calcanei at 60% of shaft length. The deer calcanei were sectioned at both the 50% and 70% locations. These unstained, undecalcified segments were embedded in polymethyl methacrylate using conventional methods (Emmanual et al., 1987) . The proximal face of each segment was ground, polished, and prepared for BSE imaging using the same techniques used for the equine radii and MC3s. One 50Â BSE image representing 3.41 mm 2 (2.23 Â 1.53 mm 2 ) was obtained in each trans-cortical location (periosteal, middle cortical, and endosteal) of the dorsal ''compression'' (anterior) and plantar ''tension'' (posterior) cortices of each specimen. Because of narrow plantar cortices of the sheep calcanei, only two images were obtained there. One image was also taken within each medial and lateral cortex (''neutral axis'') of the sheep and horse calcanei. The images excluded circumferential lamellar bone.
Histomorphometric Analyses of Human Ribs
The human osteon data were obtained from archived human rib specimens that had been used by Qiu et al. (2003) . These specimens had been obtained by Frost in the early 1960s from the middle portions of the fifth, sixth, or seventh ribs of nine previously healthy 20-25-year-old white male cadavers. The method of specimen processing has been previously described (Frost, 1960) . In brief, 3-in. (7.6 cm) rib segments were placed in 1% basic fuchsin and 40% ethyl alcohol for 4 weeks and then immersed in a large volume of tap water for 48 hr. After the samples were hydrated, transverse sections were cut from each rib, ground to a thickness of about 50 lm, and mounted on slides.
Microscopic analysis of the rib osteons and their osteocyte lacunae (Ot.Lc.N) was performed on the images obtained from the transverse cross-sections using a Nikon microscope with a CCD video camera (Optronics, Goleta, CA). Each microscopic image was imported to a Bioquant NOVA image analysis system (R&M Biometrics, Nashville, TN) with a panel sized 640 Â 480 pixels. The length and width of the panel under 1Â objective was 6.717 Â 5.908 mm 2 . All of the secondary osteons that met the following criteria were examined: (1) an intact osteon with a clear boundary at the cement line, (2) a HC.Ar less than one-quarter of the On.Ar, with no osteoid on its surface, (3) no Volkmann's canals crossing the osteon and no aberrant or atypical osteon variant (e.g., unusually elliptical osteon, drifting osteon, and dumbbell osteon), (4) no interference from the basic fuchsin intensity with the measurement of Ot.Lc.N, and (5) staining intensity consistent with complete mineralization, in addition to the absence of osteoid. It was important to select only mature osteons for this study because sclerostin is only produced by osteocytes that are within well-mineralized matrix (Irie et al., 2008) . On the basis of these criteria, a total of 398 osteons from the nine human subjects were measured. In the ribs, the boundaries of the osteon and the Haversian canal (HC) were traced under bright light using a 10Â objective, and then the stained lacunar profiles were counted under blue-violet epifluorescent light using a 20Â objective. Ot.Lc.N can be readily identified under blue-violet light due to the strong fluorescence of basic fuchsin. Because epifluorescent light penetrates <5 lm below the specimen's surface, a thin section can be assumed for counting the Ot.Lc.N even when a section is thick ($100-150 lm; Mori et al., 1997; Vashishth et al., 2000; Slyfield et al., 2009 ). The image analysis system was used to directly measure nearly all the osteon parameters [On.Ar, HC.Ar, and mineralized bone area of an individual osteons (B.Ar)] from the digitized images. Using these measurements and assuming circularity of the osteons, mean On.W.Th was calculated for each osteon as the difference between the outer (cement line) and HC radii (Fig. 7) . sheep, deer, elk, and horse. Cross-sections show image locations in gray. One section (60% location) was analyzed in sheep, elk, and horse bones, and two sections (50% and 70% locations) were analyzed in deer bones. Dor: dorsal; Pla: plantar; Med: medial; and Lat: lateral. The inset drawing at the upper right shows an adult right deer calcaneus in lateral-to-medial view showing typical loading along the Achilles tendon (large arrow) producing net compression (''C'') and tension (''T'') on dorsal and plantar cortices, respectively. This loading regime is similar in all of the calcanei used in this study. In this figure, the ''Achilles tendon'' represents the common calcaneal tendon. Fig. 4 . Lateral-to-medial views of the right forelimb and hind-limb skeletons of an adult horse showing a spectrum from simple loading to complex loading, respectively: calcaneus (A), radius (B), and third metacarpal (MC3; C). The drawings below are simplified renditions of each bone type, showing (A) the calcaneus as a cantilevered beam and (B) the radius as a curved beam with longitudinal loading; the curvature accentuates bending. Torsion (dotted line) is also present but is less than the torsion in the MC3 (solid circular line in C), and (C) the MC3 with off-axis longitudinal loading producing bending and torsion, the latter being greater than in the other two bones. Several studies reporting in vivo strain data were used to create these drawings (Lanyon, 1974; Turner et al., 1975; Rubin and Lanyon, 1982; Schneider et al., 1982; Biewener et al., 1983a,b; Gross et al., 1992; Su et al., 1999) .
Histomorphometric Analyses of Nonhuman Bones
We also evaluated complete and mature secondary osteons that had been identified in the BSE images from the transverse sections of the nonhuman limb bones in our previous studies. Maturity was determined in these images by gray levels of the osteonal walls that are indicative of complete mineralization (e.g., not relatively darker as seen in forming, or recently formed, osteons; Skedros et al., 2007a) . Each nonhuman osteon was selected using the same criteria described above for the rib osteons, except for criteria #4 and #5 that involved basic fuchsin because no staining had been done on the nonhuman specimens. The Ot.Lc.N were manually counted in each osteon. Ot.Lc.N can be readily identified in the BSE images due to the stark contrasts between the black lacunae and gray bone. Furthermore, because the electrons that form the BSE images used in this study penetrate only a few microns below the specimen's surface (Skedros et al., 2005b) , a thin section can be assumed for measuring Ot.Lc.N even when a bone section is thick (Bachus and Bloebaum, 1992) . Using a random grid system, five osteons were selected from each image. The public domain NIH image (v.1.61) software (http://rsb.info.nih.gov/nih-image/) was used to manually trace each of the five osteons. Similar to the process used in the ribs, these tracings were converted into digitized binary images that were used to measure most of the osteon parameters. As also described above for ribs, On.W.Th was calculated as the difference between the measured outer (cement line) and HC radii (Fig. 7) .
Osteon Size as a Possible Confounding Factor
To assess potential effects of osteon size on the relationship between Ot.Lc.N/B.Ar and On.W.Th, Pearson's correlation coefficients were determined for these four groups in each bone type: (1) only smaller osteons with 150 lm diameter (in ribs also: 185 lm and 200 lm, see rationale below), (2) only smaller osteons the mean value of the data set, (3) only the larger osteons > the mean value of the data set (in ribs also: >185 lm and >200 lm), and (4) all osteons. Because of only 15 osteons in the 150 lm group of ribs, the cutoff value used to create these drawings (Turner et al., 1975; Rubin and Lanyon, 1982; Schneider et al., 1982; Biewener et al., 1983a,b; Gross et al., 1992) . C: Compression region (darkened); T: tension region (oblique lines); Cr: cranial; Cd: caudal; Dor: dorsal; Pal: palmar; Med: medial; and Lat: lateral. for this small/large osteon size distinction was raised to 185 lm (similar to the largest mean diameter value of the limb bones) and also arbitrarily to 200 lm.
The correlation coefficients in each of the four size groups were also determined for (1) Fig. 7 ). In turn, this distinction allowed for the detection of potential influences of osteon obliquity, which would be revealed by discrepancies between these calculated and measured parameters in the paired comparison analyses (ANOVA and/or correlations). The criterion for statistical significance was P 0.05 and variability was expressed as the standard deviation.
RESULTS
Osteon diameters (On.Dm) varied greatly (Fig. 8) , and this was the dominant factor governing On.W.Th because the range of HC.Dm was much less (Fig. 9) . Indeed, linear regression analysis showed that On.Dm accounted for !89% of the variability in On.W.Th when all osteons were considered in each bone type. In regression analyses of small versus large osteons, On.Dm remained a dominant factor in governing On.W.Th but the variability explained was somewhat less, ranging from 67% to 89%.
Correlation analyses of On.W.Th with On.Dm and of On.W.Th with On.Ar showed consistently strong relationships that are expected between these parameters in each of the seven bone types (data not shown). In general, these results revealed correlations that, although statistically significant (i.e., significantly different from no correlation), were typically weak-the variability explained in these relationships ranged from $2% to 22%. As described below, these results neither strongly nor consistently support the hypotheses; the elk calcanei are an obvious exception in terms of the small versus large osteon analysis. Figure 10 shows the diagrammatic representations of 14 actual osteons that were selected from the equine radii and human ribs (seven osteons from each species). These represent the range of On.Dm from the smallest to the largest. Figure 11 shows the three representative BSE images obtained from a deer calcaneus and horse radius.
Correlations of Ot.Lc.N/B.Ar With On.W.Th
In Table 2 , the first row within each bone type lists the results of correlation analyses of Ot.Lc.N/B.Ar with On.W.Th using the data from all osteons as well as data segregated by the osteon size. Each limb bone showed a significant negative correlation between Ot.Lc.N/B.Ar and On.W.Th (P < 0.001; r values typically À0.30 to À0.50). These results are also consistent with the magnitude of the negative correlation shown previously in the osteons of sheep ulnae (r ¼ À0.39, P < 0.0001; Metz et al., 2003) . Analysis of human rib data, however, showed a much weaker negative correlation (r ¼ À0.102, P ¼ 0.04).
Evaluation of Influences of Osteon Size
Results of correlation analyses in groups defined by the small ( 150 lm diameter; in ribs also: 185 and 200 lm), mean-small ( the mean On.Dm), and large osteon (>the mean On.Dm; in ribs: >185 and >200 lm) distinctions are summarized in Table 2 . These results generally show (elk calcanei are an exception) a possible affect of osteon size on the relationship of Ot.Lc.N/B.Ar with On.W.Th or with On.W.Th/On.Dm.
Results of these small versus large osteon analyses also show that, in all cases, the absolute strengths of the correlations of Ot.Lc.N/B.Ar versus On.W.Th were greater in the mean-small osteon group than in the larger osteon group. However, as noted, this was not the case in the elk calcanei when their small osteon group was defined by the 150 lm diameter cutoff: (1) 150 lm: r ¼ À0.170, P ¼ 0.1 and (2) >164 lm: r ¼ À0.260, P < 0.01.
In ribs, an effect of On.Dm is suggested by results showing that, when compared with the larger osteons, the smaller osteon groups ( 185 and 200 lm) exhibited increases in the strength of the correlation of Ot.Lc.N/ B.Ar with On.W.Th; for example: (1) 185 lm: r ¼ À0.453, P < 0.001 and (2) >185 lm: r ¼ À0.066, P ¼ 0.2 (Table 2) .
Correlations supporting the second hypothesis (an effect of On.Dm) in most bones examined are consistent with the results of ANOVA paired comparisons. These comparisons showed that (Ot.Lc.N/B.Ar)/On.W.Th and (Ot.Lc.N/B.Ar)/B.Ar were each greater in the smaller than the larger osteon groups in all the seven bone types (P < 0.001; Table 3 ). In contrast to these findings, (1) the elk calcanei only showed the statistically significant negative correlation of Ot.Lc.N/B.Ar with On.W.Th/ On.Dm when all osteons are considered (i.e., the first hypothesis of the inverse relationship appears to be weakly supported, but the second hypothesis of an osteon size effect was rejected because these correlations were not significant in the small, mean-small, and large osteon groups; Table 2 ) and (2) the equine radii and equine MC3s showed a much weaker influence of osteon size, the correlation coefficients dealing with their large osteon groups remained negative and significant but have absolute magnitudes <0.1.
DISCUSSION
The results of this study do not provide clear or consistent support for an inverse relationship between osteocyte density and wall thickness of fully formed secondary osteons. Although this conclusion is mainly based on the correlations, which cannot directly elucidate specific mechanisms or causation, we feel that a strong relationship between osteon infilling and Ot.Lc.N/B.Ar, if present, would have been detected in the five species that were analyzed. However, this opinion reflects our initial thinking in terms of the hypothesis of Marotti and Martin that osteocytes repress infilling via signaling of a neural-like network. Alternatively, if sclerostin serves this repressive function, then it may be that the osteocytes closest to the forming central canal have the greatest effect on the osteoblasts. In other words, nonuniform concentration of sclerostin across the osteonal wall (e.g., highest near the central canal) might be seen as a weak relationship in Ot.Lc.N/B.Ar versus On.W.Th/ On.Dm, when linear correlations that are used to indirectly detect this effect are based on the osteocyte density data from the entire osteon wall. The strengths of the correlations could also be influenced by an unrecognized effect of variations in osteocyte density from the outer margin of the osteon toward the central canal. In a recent study using ultra-high-resolution micro-computerized tomography (Synchotron) to image human secondary osteons (11 osteons; lateral aspect of proximal femoral cortex; 25-year-old male), Hannah et al. (2010) show a clear trend of decreased numbers of osteocytic lacunae toward the central canal. If this trend is also present in the osteons examined in our study, it could play a role in diminishing the strength of the correlations. Experimental data have also shown that convective fluid flow can produce nonuniform concentrations of proteins and other molecules that have the capacity to be moved/transported through the interstitial microporosities of bone (Knothe Tate et al., 1998) . In this perspective, it seems plausible that the repressive effect of a protein like sclerostin could be present, even though little or no correlation is detected between an osteon's osteocyte density and wall thickness.
There are additional complexities in cellular dynamics that can influence the process of osteon infilling and thereby obscure ''expected'' correlations of osteocyte density with wall thickness. For example, intercellular gapjunction communication is another way that osteocytes can communicate with osteoblasts and potentially modulate their responses to mechanical signals (Taylor et al., 2007) . Osteoblast apoptosis may also be a factor that influences the termination of bone formation during osteon infilling (Parfitt, 1994; Qiu et al., 2010) . Several studies have additionally demonstrated the spatial relationship between osteocyte apoptosis and osteoclastic bone resorption (Aguirre et al., 2006; Hedgecock et al., 2007; Emerton et al., 2010) , but the causal molecular or signaling link has not yet been identified between these two processes. The osteocyte has been thought to reduce osteoclastic bone resorption by secreting antiresorptive molecules (Gu et al., 2005) . The death of osteocytes causes the loss of these antiresorptive molecules, facilitating osteoclast precursor recruitment, osteoclastogenesis, and bone resorption (Gu et al., 2005) . In addition, Kogianni et al. (2008) reported that apoptotic osteocytes could release signals, such as tumor necrosis factor-alpha (TNF-a), to initiate osteoclastogenesis and subsequent bone resorption. Osteoclasts, in turn, establish the size of the resorption space (i.e., the On.Dm), which cannot be larger than what the central capillary can supply to the tissue of the osteon wall (Ham, 1952) . Clearly, much remains to be learned about how cellular and other biophysical factors interact in the regulation of osteon infilling.
Additional issues dealing with cell viability and agerelated degradations in normal cell function point out what may be an important limitation of our study-we were not able to quantify the percentage of viable cells in the osteocytic lacunae. It could be that a greater percentage of osteocytes were alive/functional in the small osteons compared with the large osteons, thus explaining the differences between large and small osteon responses. Unfortunately, it was not possible to ascertain osteocyte viability in our slides. However, by counting lacunae irrespective of their contents, our intent was to understand the role of osteocytes in controlling osteoblasts during osteonal infilling; we were interested in osteocyte density as it was originally during the formation of the fully formed osteons that were quantified. Therefore, assuming that each osteocyte lacuna had originally contained a living cell during osteon formation, we counted [as did Metz et al. (2003) ] all lacunae regardless of whether they contained evidence of a cell body. Facts supporting the probability that our bones had relatively smaller percentages of empty lacunae include (1) studies of osteocyte viability in younger individuals, such as those examined in most of the bones in our study (the elk could be an exception, discussed below), show small percentages of empty lacunae (Qiu et al., 2006) and (2) we did not observe regions with lacunae that were plugged with hypermineralized tissue that has been associated with aging, ischemia, or necrosis (Frost, 1960; Currey, 1964; Kornblum and Kelly, 1964; Jowsey, 1966; Parfitt, 1993) . These observations and the younger ages of the humans and most of the animals used in our study suggest that the percentage of dead osteocytes is small. In the nonhuman bones, this is also consistent with the observations of >90% lacuna occupancy in the dorsal cortex of MC3s from thoroughbred and quarter horses with ages that are similar to the horses used in the present study (Da Costa Gomez et al., 2005; Dr. Peter Muir, personal communication) . Furthermore, the imaging methods used in our study are sufficiently sensitive to detect the presence of micropetrosis because of the obvious hypermineralized material that occludes the Ot.Lc.N in this condition (Busse et al., 2010) . This phenomenon was not seen in any of the images, and it would also be unexpected because the relatively younger age of the humans and of a majority of the animals that we studied.
Another possible limitation of the present study is the fact that osteon circularity was assumed in the steps that were taken to calculate the wall thickness from the measured On.Ar and HC.Ar (Fig. 7) . In a perfect circle, the diameter will have a very strong correlation with the area [since area ¼ p( 1 = 2 Dm) 2 ]. The difference between correlations of Ot.Lc.N/B.Ar with On.W.Th/On.Dm when compared with Ot.Lc.N/B.Ar with On.W.Th/On.Ar suggests that there is some obliquity to the osteons. We attempted to minimize this variable [as did Metz et al. (2003) ] by avoiding the analysis of obviously elliptical or otherwise unusual osteon variants. These exclusion criteria were deemed reasonable because these atypical osteon morphologies represent a minority of the osteons in the images used in the present study (Skedros et al., 2007b) .
Given the small size of Ot.Lc.N, the sampling volume of microscopic techniques could be an important confounding factor in a two-dimensional analysis. This might seem to be an important consideration for the present study because two different microscopic techniques were used: epifluorescent microscopy was used to analyze the human ribs and BSE microscopy was used to analyze the nonhuman bones. However, the sampling volumes of each technique do not extend beyond the breadth of a typical osteocyte lacuna (Canè et al., 1982; Hannah et al., 2010) . For the epifluorescent technique, this was assured by the use of blue-violet light because it penetrates only the first few microns of the bone section, allowing Ot.Lc.N to be quantified without projection due to section thickness (Mori et al., 1997; Vashishth et al., 2000; Slyfield et al., 2009) . A confounding effect of section thickness is also eliminated in BSE imaging because only a few microns of the bone surface are sampled when using the electron beam parameters used in this study (Bachus and Bloebaum, 1992; Skedros et al., 2005b) . Clearly, several factors influence osteon morphology, including one of the dominant variables demonstrated in this study-On.Dm. The influence of On.Dm and the rather weak correlations shown herein could be considered in terms of Martin's (2000a) caution that an osteocyte-network inhibitory signal at the HC surface would be very sensitive to the efficiency with which it can be passed from one osteocyte to another (Fig. 3) . Spatial signal decay/plateau may help to explain our results showing that correlations of Ot.Lc.N/B.Ar with On.W.Th/ On.Dm were significant in the smaller osteons (in all but elk calcanei; discussed further below) but became nonsignificant in osteons with diameters greater than $150-190 lm. Alternatively, as mentioned above, these data could be explained by spatial variations in the efficiency of a signaling protein that is ''transported'' through the microporosities of bone matrix and/or by other unrecognized complexities of cellular regulation of infilling.
In addition to the ''transport'' of sclerostin toward osteoblasts, the dynamics of nutrient delivery during osteon infilling must be considered in the perspective of the differences shown in the present study between smaller and larger osteons. For example, if during the earlier phase of infilling, the outermost osteocytes of smaller osteons more quickly become nutrient deficient when compared with the outermost portions of larger osteons [i.e., greater HC surface area for nutrient exchange in larger osteons], then the relative degree of ''starvation'' of the outermost osteocytes may be relatively greater in smaller osteons during their initial infilling. If this occurs, then the inhibitory signal might influence the duration of infilling and/or the formation period differently between these groups. If correct, this might help explain our data showing that the HC.Dm/ On.Dm ratio is greatest in the smaller osteon group (P < 0.05) in all of the limb bones. This suggests that the hypothesized inhibitory signal is relatively deficient and/ or becomes less precise in larger osteons. To test this hypothesis, additional studies of the dynamics of osteon formation are needed to evaluate potential differences in appositional rates, osteocyte densities, temporal/spatial variations in sclerostin concentration, and formation periods between early, middle, and late infilling phases of osteons from a broad size range.
In addition to considering the possibility that osteocyte repression influences the extent of osteon infilling, an independent effect of infilling rate on osteocyte density should be considered. On.Dm might also be important in this context, because relatively faster rates of osteon infilling have been shown in larger versus smaller osteons in dog ribs (r ¼ 0.52; Ilnicki et al., 1966) , dog limb bones (e.g., femur; r ¼ 0.87; Lee, 1964) , rabbit limb bones (Jee and Arnold, 1954) , and human limb and rib bones (Polig and Jee, 1990) . In turn, data from sheep ulnae reported by Metz et al. (2003) support the possibility that infilling rate, expressed as mineral appositional rate (MAR), is positively correlated with osteocyte density. Though statistically significant, this effect was weak as shown by the correlation between Ot.Lc.N/B.Ar and normalized intracortical MAR (r 2 ¼ 0.12, P ¼ 0.0001). Taken together, these data might suggest that the density of osteocytes remaining after osteonal infilling is, at best, weakly influenced by the positive relationship between MAR and osteon size. However, a recent rigorous study of the relationships of modeling and remodeling with osteocyte density and apoptosis in rabbit tibia mid-shafts did not find significant relationships between osteocyte lacuna or osteocyte densities and intracortical (osteonal) or surface bone formation rates (Hedgecock et al., 2007) . In this perspective, it seems unlikely that the osteocyte density differences shown in the present study are strongly influenced by the relationship between MAR and On.Dm.
Results in elk calcanei showing no correlations in small or large osteons (Ot.Lc.N/B.Ar vs. On.W.Th or On.W.Th/On.Dm) are anomalous in view of the correlations shown consistently (although weak) among these parameters in the smaller osteons in the other six bone types. This exception could reflect a flaw in the hypothesis that osteon infilling is regulated, to some extent, by osteocyte density. This possibility can only be resolved by the additional experimental studies that control for factors that are not apparent in the present study. For example, in our sample of elk calcanei, it is possible that there is a significant influence of aging on osteon infilling dynamics, which has been described in the other species (e.g., decreasing osteon size with age; Lee, 1964; Ilnicki et al., 1966; Pirok et al., 1966; Britz et al., 2009 ). This possibility is consistent with our elk being larger/ older bulls, reflecting the fact that elk hunters are typically interested in shooting trophy-sized animals. Consequently, among all of the animals studied, the elk might have been, in general, relatively older in terms of their typical life expectancy. Additionally, data in adult human femora show that osteon diameter is inversely related to body weight (Britz et al., 2009) . These data support the idea that osteons (and remodeling processes) are dictated (to some degree) by load bearing or ''usage.'' Perhaps the apparently anomalous results in the elk bones could be due to the fact that these are quite large animals, older, and very active compared with the other bones.
The fact that the ribs showed the weakest correlations of Ot.Lc.N/B.Ar with On.W.Th or On.W.Th/On.Dm (all osteons considered) might reflect important species differences in osteocyte/osteon physiology and morphology or could reflect the fundamental differences in these contexts between ribs and limb bones. There are data supporting the possibility of significant differences in mechanosensitivity between osteocytes of the axial (e.g., ribs and calvarium) and osteocytes of the appendicular (limb) skeleton (Raab et al., 1991; Tommerup et al., 1993; Rawlinson et al., 1995; Vatsa et al., 2008) . In this perspective, the thresholds for metabolic activity of bone cells in ribs are probably fundamentally different when compared with the appendicular bones-ribs are more sensitive to hormonal changes associated with lactation and other highly mineral-dependent demands, while appendicular bones are less so (Vajda et al., 1999) . In fact, expression of sclerostin is regulated by both mechanical stimulation and PTH, suggesting that both mechanical and metabolic influences may signal through osteocytes to inhibit bone formation by osteoblasts on the surface of the bone (Bellido et al., 2005; Robling et al., 2008; Sims and Gooi, 2008) . Consequently, in some species or circumstances, metabolic demands could be sufficient to affect osteonal morphology and biomechanics differently in ribs when compared with the limb bones. These considerations might prove helpful in explaining why in this study the osteons of the ribs, compared with the osteons of limb bones, are generally relatively larger, have higher numbers of Ot.Lc.N, have similar HC.Dm/On.Dm ratios in small and large osteons, and exhibit relatively lower correlations of Ot.Lc.N/B.Ar with On.W.Th/On.Dm (Table 2 and Fig. 10 ). Although the results of computational analyses and some histomorphometric studies of various limb bones show inverse relationships between mechanical stress and On.Dm (i.e., higher stress produces smaller osteons; van Oers et al., 2008; Britz et al., 2009) , anthropological studies of osteon cross-sectional dimensions from rib and femora of the same individuals show that rib osteons are not consistently larger (Pfeiffer et al., 2006) .
In summary, the results of this study do not provide clear or consistent support for the hypothesized inverse relationship between osteocyte density and wall thickness of fully formed secondary osteons. However, linear correlation analyses could fail to detect this evidence, although indirect, of osteocyte-based repression of osteon infilling if the signal is spatially nonuniform (e.g., increased near the central canal).
